A technique for potential realization of atomic resolution magnetic resonance diffraction was recently proposed for the case of a crystalline sample in proximity of a ferromagnetic sphere ͓M. Barbic, J. Appl. Phys. 91, 9987 ͑2002͔͒. This article predicted the detection of distinct peaks in the number of resonant spin sites at different magnetic field values for specific sphere and crystal configurations. Here, the focus is on the specific detection coupling mechanisms between the resonant spin population of the sample and the magnetic sphere probe. We investigate and compare the force, torque, and flux detection mechanisms in order to provide guidance to the experimental efforts towards the realization of the atomic resolution magnetic resonance diffraction. We also investigate the dependence of the magnetic resonance diffraction spectrum on the relative position of the magnetic sphere with respect to the crystal lattice.
INTRODUCTION
Atomic resolution magnetic resonance diffraction has been desired ever since the introduction of magnetic resonance imaging ͑MRI͒ in two pioneering articles in 1973.
1,2
Since then, MRI has become an invaluable tool in medical science. 3 Although the inductive method of detection 4,5 has advanced the imaging resolution to the ϳ1-m level, 6 the ultimate goal of achieving atomic resolution has remained elusive. In 1991, an alternative detection method for magnetic resonance imaging, magnetic resonance force microscopy ͑MRFM͒ 7 was proposed, with the ultimate goal of single spin sensitivity and three-dimensional ͑3D͒ imaging capability. The technique relies on the atomic scale imaging gradients from the microscopic magnetic particle mounted on a micromachined atomic force microscopy ͑AFM͒-style mechanical cantilever for the appropriate detection sensitivity required for 3D single spin imaging.
8 Successful proofof-concept MRFM demonstrations were reported for the cases of electron spin, 9 nuclear spin, 10 and ferromagnetic 11 resonance systems. MRFM research has benefited from the low-temperature implementations of the instrument, 12 and rapid advances in the fabrication techniques for incorporating smaller magnetic particles, 13,14 and more sensitive mechanical resonators. 15 However, reported MRFM imaging resolution of ϳ1 m 16, 17 remains at the level of inductive detection in conventional MRI.
We recently introduced a complementary magnetic resonance diffraction method 18 that significantly relaxes the challenging technical requirements of MRFM by allowing many spins to coherently contribute to the magnetic resonance signal, while still providing atomic scale information about the crystal structure of the sample. This approach closely resembles the initial magnetic resonance diffraction proposal 2, 19 in which linear magnetic field gradients are used to selectively excite magnetic resonance in different atomic lattice planes. However, our approach differs from this original proposal by introducing nonlinear field gradients from a ferromagnetic sphere to achieve atomic resolution diffraction. The principles of the technique are briefly reviewed for the purpose of extending the analysis to include the appropriate experimental sample-detector coupling designs. A detailed description of the atomic resolution magnetic resonance diffraction using the magnetic fields from a ferromagnetic sphere is given in Ref. 18 .
The inset of Fig. 1 shows the schematic representation of our diffraction method. A ferromagnetic sphere is placed in proximity of the surface of a simple cubic lattice crystal. Cobalt sphere with a magnetization per unit volume of 1500 emu/cm 3 is assumed to be 100 nm in diameter. The crystal is assumed to have a unit-cell size of a 0 ϭ3 Å. A large dc magnetic field B 0 is applied parallel to the sample surface in the z direction, polarizing the spins of the atomic lattice as well as saturating the magnetization of the ferromagnetic sphere. A small radio frequency field B 1 is applied perpendicular to the large polarizing dc magnetic field B 0 . In the absence of the ferromagnetic sphere, the atomic spin sites in the crystal would experience the same externally applied field B 0 and therefore meet the magnetic resonance condition at the same magnetic resonance frequency R . However, close to the ferromagnetic sphere, a large magnetic field gradient penetrates into the crystal, and only certain spin sites of the lattice satisfy the correct magnetic resonance conditions at any given magnetic field and frequency values. The magnetic field from the ferromagnetic sphere at point r in the sample has the following azimuthally symmetric dipolar form: ferromagnetic sphere to the crystal site location, and m is the magnetic moment vector of the sphere. The components of the ferromagnetic sphere magnetic fields ͑1͒ in the Cartesian coordinate system take the following form:
where M 0 is the magnitude of the saturation magnetic moment of the ferromagnetic sphere. Due to the small size of the ferromagnetic sphere, the magnetic fields vary on the atomic scale and steps are taken in order to account for the discrete nature of the crystal lattice.
18 Labeling the atomic sites with indices (m,n,l), and assuming a unit-cell size with dimension a 0 , the components in expressions ͑2-4͒ take the following form: Since the external dc polarizing magnetic field B 0 is considered to be much larger than the field from the ferromagnetic sphere, only the z component of the magnetic field from the ferromagnetic sphere ͓Eq. ͑7͔͒ is included when considering the resonant spins of the atomic lattice. 20 The contours of constant field B z from the sphere are also shown in Fig. 1 , and they have azimuthally symmetric form around the z axis. The index range for the x axis starts with integer value 167, since expressions ͑5͒-͑7͒ were derived for a 50-nm radius ferromagnetic sphere which is 166.66 times the lattice parameter of a 0 ϭ3 Å at the center of the coordinate system.
In the previous article, 18 a numerical summation was computed to construct a histogram of the number of resonant spin sites in the sample within a 1-G wide shell of constant B z . This value of the bin width was selected since the linewidth broadening in solids is on the order of 1 G. 20 Distinct spectral peaks were discovered in the number of resonant spin sites with respect to the applied magnetic field in the negative value range, and Fig. 1 reproduces the spectrum between the field range of B 0 Ϫ1500 G and B 0 Ϫ500 G. Numerical simulations for the convolution of the force signal were previously reported by several MRFM research groups 21-23 using the integral expressions for a continuous medium sample. However, the positioning of the sample as shown in Fig. 1 ͑which is at 90°compared to the conventional MRFM configuration͒ and the explicit introduction into the model of the discrete nature of the atomic lattice sites allowed for the observation of the peaks in the magnetic resonance spectrum of Fig. 1 . Such peaks would otherwise be obscured in the continuum sample model. The appearance of the magnetic resonance spectral peaks was therefore the direct signature of the discrete atomic lattice sites, and provides an opportunity to obtain direct atomic scale magnetic resonance information about a crystalline sample while detecting many lattice spins that are simultaneously in resonance at various magnetic field values.
The appearance of spectral peaks was explained using the 3D plots of the resonant spins under the influence of the polarizing magnetic field B 0 and the magnetic field from a ferromagnetic sphere.
18 Figure 2 shows two such representation plots for crystal lattice spin sites that are in resonance at the two adjacent magnetic field values. Only the positive values for the y-axis indices are plotted for clarity. At the lower magnetic field value of B 0 Ϫ626 G, shown in Fig. 2͑a͒ , there are two empty regions at the top and bottom sections of the 1-G thin shell of constant B z where no atomic spin sites are intersected. At this magnetic field value, the top and bottom sections of the shell of constant B z from a ferromagnetic sphere are between the two crystal lattice planes, and do not intersect the atomic layers. At the magnetic field value of B 0 Ϫ625 G, the location of one of the sharp resonant peaks in the spectrum of Fig. 1 , the shell of constant B z intersects the crystal lattice so that a large number of spin sites from the two lattice planes at the top and bottom sections of the resonant shell satisfy the resonance condition. The two bands of the resonant atoms from the lattice planes are clearly visible in Fig. 2͑b͒ , and the resonant ring bands like these at the distinct magnetic field values are responsible for the sharp peaks in the magnetic resonance spectrum. It is apparent then that the peaks in the magnetic resonance diffraction spectrum come from the region on the shell of constant B z where 
which, derived from Eq. ͑4͒, takes the following form:
Therefore, the region of the shell of constant B z responsible for the diffraction peak satisfies
which, when included in Eq. ͑4͒, describes the final condition for the location of the peaks in the magnetic resonance diffraction spectrum from the magnetic field of a ferromagnetic sphere
where z l ϭl•a 0 .
The angle from the z axis where Eq. ͑8͒ is satisfied is ϭ63.435°.
FORCE DETECTED ATOMIC RESOLUTION MAGNETIC RESONANCE DIFFRACTION
Following the brief overview of the basic principles of atomic resolution magnetic resonance diffraction using a ferromagnetic sphere, we focus on the coupling of the resonant spins of the sample with the ferromagnetic sphere. The purpose of this investigation is to determine the detection method most appropriate for transcribing the spectral features of Fig. 1 into measurable signals in an experiment. The first potential method considered is to couple the ferromagnetic sphere through the force on the resonant spins of the sample. This is a natural detection choice, since most of the previous work on magnetic resonance imaging using ferromagnetic microparticles as gradient sources was performed by mechanical means with cantilever-type resonators. In addition, technical advancements in the resonant beam nanostructures have been extremely rapid, 24 -27 and further sensitivity improvements are likely. Furthermore, integration of micron scale magnetic spheres into the probes of the cantilever resonators has already been demonstrated for other applications.
28,29 Therefore, many of the experimental challenges for implementation of atomic resolution magnetic resonance diffraction have been solved. Here, we predict the force values and spectral features in the experimental demonstration.
Force coupling of the spins with the ferromagnetic sphere is governed by the following relationship:
Written in the tensor format, this relationship takes the following form for the force on the resonant spin population of the sample at any given value of the applied field:
Since the externally applied polarizing magnetic field B 0 and the perpendicular high-frequency rf field B 1 are assumed to be uniform, the forces ͑which depend on the gradients of the magnetic field͒ on the resonant spin population do not depend on them. Therefore, only the nonuniform magnetic fields ͑5͒-͑7͒ from the ferromagnetic sphere need to be considered in the force calculations. It is emphasized that although only the z component of the total dc applied field was considered in order to determine the number and the location of the resonant spin sites of the sample, the force ͑13͒ on those resonant spins depends on the gradients of all three components ͑5͒-͑7͒ of the ferromagnetic sphere fields. Deri vation of the tensor components in Eq. ͑13͒ with respect to the indices of the lattice sites (m,n,l) results in the following integer relationship for the total force on the sample:
In this expression, the total force on the sample at a particular value of the applied magnetic field is evaluated by summing over all of the integers (m,n,l) for which magnetic field value ͑7͒ is satisfied. At this stage, it is helpful to consider the symmetry of the force tensor ͑14͒ with respect to the integer range of (m,n,l). It is apparent that many terms in the force tensor ͑14͒ are antisymmetric with respect to the positive and negative values of integers ͑n͒ and ͑l͒ that range from Ϫϱ to ϩϱ. Therefore, many tensor components in Eq. ͑14͒ sum to zero, and can be eliminated from the expression for the semiinfinite or thin-film samples
͑15͒
It should be emphasized that this simplification of the force tensor is not allowed for cases where the integer range is not symmetric, such as for small crystallites 18 or samples with surfaces not parallel to the z axis.
18 Figure 3 shows the calculation for the force in the x-axis direction according to the expression ͑15͒, using the value for the proton magnetic moment ͑CGS units͒ of P ϭ1.4 ϫ10 Ϫ23 emu. The number spectrum of Fig. 1 is completely undetected in the force spectrum of Fig. 3 . The explanation for this dramatic deflation is clear after rewriting expression ͑15͒ in the derivative form of expression ͑13͒ and noting that the two nonzero terms in Eq. ͑15͒ are equal
By examining this expression with respect to Eq. ͑8͒, it becomes apparent that the values of ‫ץ‬B z /‫ץ‬x are zero or approximately zero at the top and bottom sections of the shells of constant B z . Therefore, the force on the resonant spin sites that are responsible for the occurrence of the spectral peaks is negligible, and these spins do not contribute to the total force on the sample. As a result, for the cases of semiinfinite and thin-film crystalline samples, force detection is not appropriate for the experimental realization of the atomic resolution magnetic resonance diffraction, since it does not properly transcribe the distinct peaks in the number of resonant spin sites of Figs. 1 into the same or similar signatures in the force spectrum. The force analysis yields a different result when considering a small crystallite. Figure 4͑b͒ shows the number of resonant spin sites at different values of the magnetic field for a configuration shown in Fig. 4͑a͒ . In this configuration, a 100ϫ100ϫ100 atom simple cubic lattice crystallite is positioned so that the spectral peaks are maximized in amplitude and contrast. 18 In this case, the index range of the force tensor ͑14͒ is not antisymmetric with respect to the Eq. ͑1͒ index range, while it remains antisymmetric with respect to the ͑n͒ index range for a crystallite centered with respect to the y axis. This results in the following tensor for force on a small crystallite, where the argument for the negligible force from the ‫ץ‬B z /‫ץ‬x term in Eq. ͑16͒ have been included: cantilevers. 30 Therefore, force detection represents a viable route to atomic resolution magnetic resonance diffraction in small crystallites.
TORQUE DETECTED ATOMIC RESOLUTION MAGNETIC RESONANCE DIFFRACTION
The second potential method for the experimental measurement of atomic resolution magnetic resonance diffraction is torque detection. Whereas the force tensor ͑14͒ was shown to be antisymmetric for many matrix terms due to the positive and negative range of integers ͑n͒ and ͑l͒, resulting in the cancellation of the total force on the resonant spin population for the semi-infinite and thin-film samples, considerations of the mechanical torque on the sample reveal that the torque is nonzero for two axes of rotation. The inset of Fig.  6͑a͒ shows an example for the first term l(Ϫ4m 2 ϩn 2 ϩl 2 ) in the force tensor ͑14͒. For the resonant spins at the top of the shell of constant B z , the force in the x direction is equal and opposite to the force on the spins at the bottom of the shell of constant B z . Therefore, although the total force on the spin population is zero for this term in the force tensor matrix ͑14͒, the torque around the y axis is nonzero, and therefore needs to be considered as a viable route to experimentally demonstrating atomic resolution magnetic resonance diffraction.
The mechanical torque on the spin population at any given magnetic field value is governed by the following equation:
Following the same steps of including the discrete nature of the crystal lattice, and substituting the force tensor ͑14͒ into the expression ͑18͒, a tensor expression is derived for the torque exerted on the spin population in terms of the integers (m,n,l)
In this expression, the total torque on the sample at any given value of the z component of the magnetic field is evaluated by summing over all of the integers (m,n,l) for which expression ͑7͒ is satisfied. Similar to the analysis for the force tensor ͑14͒, symmetry considerations are taken into account for the torque tensor ͑19͒ with respect to the index range of (m,n,l) for the semi-infinite and thin-film crystalline samples. Due to the cancellation of many terms, the torque tensor ͑19͒ significantly simplifies into the following expression:
͑20͒
This expression reveals that the only nonzero terms in the tensor for the torque on the resonant spin populations are for the torques around the x axis and the y axis. These two torque terms are different, and Fig. 6 shows the numerical calculation for the two cases. The torque around the y axis, shown in Fig. 6͑a͒ , features a very high-spectral contrast. In fact, the spectral contrast in atomic resolution magnetic resonance diffraction using the torque detection method ͓Fig. 6͑a͔͒ is stronger than the predicted spectral contrast in the histogram of the number of resonant spin sites at various magnetic field values ͑Fig. 1͒. This means that the spins at the top and bottom of the shells of constant B z ͑the ones responsible for the peaks in Fig. 1͒ exert more torque on the sample than the spins in the lobe of the shell of constant B z ͑the ones that provide the background signal in Fig. 1͒ . This feature in the torque detection method is very desirable as it effectively amplifies the atomic resolution magnetic resonance diffraction contrast. Figure 6͑b͒ shows the numerical calculation for the torque on the sample around the x axis, and a very poor transcription of the diffraction spectrum of Fig. 1 into an appropriate torque spectral signature is observed. In addition, the values for the torque around the x axis in Fig. 6͑b͒ are an order of magnitude smaller than the values expected for the y-axis torque of Fig. 6͑a͒ , and therefore represent an inferior axis in the torque detection of atomic resolution magnetic resonance diffraction. The development of the mechanical torque resonators over the last several decades [31] [32] [33] [34] [35] has been as rapid as the improvements in the cantilever-based force detectors, and therefore torque detection is also likely to be successful in the demonstration of atomic resolution magnetic resonance diffraction. For the case of the torque detection of magnetic resonance diffraction in small crystallites, the torque term ͑19͒ reduces to
͑21͒
This expression is similar to Eq. ͑20͒, and indicates that the torque detection of atomic resolution magnetic resonance diffraction should also be successfully observed for a small crystallite case. In addition to the forces and torques on the sample that result in the predicted experimental signatures of atomic resolution magnetic resonance diffraction, additional measurement methods may achieve predicted spectral features. Several nonimaging cantilever-type experiments have been reported that rely on the direct transfer of angular momentum 36, 37 and energy 38, 39 to the spin population in magnetic resonance. Such experiments have demonstrated similar sensitivity to the initial demonstrations of imagingtype, cantilever-detected magnetic resonance, and therefore also represent possible routes to atomic resolution magnetic resonance diffraction demonstration. The simplicity in these nonimaging cantilever detected magnetic resonance experiments derives from the principle that all of the resonant spins in the sample are detected equally. Therefore, in this class of experiments, the expected spectral features are the same as the ones shown in Figs. 1 and 4 .
FLUX DETECTED ATOMIC RESOLUTION MAGNETIC RESONANCE DIFFRACTION
Although cantilever-based detection of magnetic resonance represents a viable route to the demonstration of atomic resolution magnetic resonance diffraction, inductive detection techniques should not be overlooked, especially in lieu of the constant improvements in the sensitivity of the more traditional magnetic resonance detectors. These include microcoil NMR, 40 superconducting quantum interference device ͑SQUID͒ detectors, 41 Hall sensors, 42 and superconducting resonators, 43 which collectively represent a fluxdetection class of magnetic resonance measurement methods. These sensors have benefited from advances in microfabrication resulting in micron-scale conducting loops, 44 Hall sensors, 45, 46 and SQUID detectors. 47 Furthermore, they have been implemented into the probes intended for imaging by raster scanning. 48 -52 They may also have additional advantages when compared to the force detectors with regard to the linearity of the probe-detector coupling. 53 For the case of atomic resolution magnetic resonance diffraction, a circular pick-up loop is considered for the capture of the magnetic flux from the resonant spins of the crystalline sample, as shown in Fig. 7 . The flux from a spin captured by the loop is
where 0 ϭ4ϫ10 Ϫ7 , and the diameter of the loop is taken to be 1 m and centered around the ferromagnetic sphere. This loop diameter is still larger than the ϳ100 nm 3 sample volume that is being interrogated in this diffraction technique. Therefore, it is assumed that all of the resonant spins in the sample are detected equally. The total captured flux spectrum in atomic resolution magnetic resonance diffraction is therefore equal to the spectrum of Fig. 1 but modified by the multiplication factor ͑22͒, which for a proton spin is equal to ⌽ P ϭ0.85ϫ10 Ϫ11 ⌽ 0 , where ⌽ 0 is the flux quantum ⌽ 0 ϭ2.067ϫ10 Ϫ7 G cm 2 . Since the number of spins detected at any magnetic field value in Fig. 1 is on the order of 10 4 , the total flux captured by a 1-m loop is on the order of ⌽ϳ1ϫ10 Ϫ7 ⌽ 0 . This is still a challenging number, but it presents us with a metric for future flux detector development for atomic resolution magnetic resonance diffraction. It is also noted that this calculation was performed for the case of a pickup loop much larger than the sample region being investigated. Further reduction in the pickup loop size improves the flux detection efficiency and in turn increases the value of the magnetic flux captured by the loop. However, the simple analytical expression for the captured flux ͑22͒ for a spin centered inside the pickup loop would have to be replaced by exact modeling of the flux detector shape and the relative position with respect to the resonant spins of the sample. Analytical expressions for the magnetic field from a circular loop over all space exist 54 and could be used in conjunction with the principle of reciprocity 55, 56 to determine precisely the spin-detector coupling in the flux detection of atomic resolution magnetic resonance diffraction. The loop configurations, and the noncircular flux detectors such as Hall probes, are subjects of a further study. In all sample-detector coupling schemes in atomic resolution magnetic resonance diffraction described so far, no mention has been made of the magnetic resonance signal modulation schemes. Such ac modulation techniques would probably have to be employed for successful experimental demonstration, especially if the resonant detector, such as a mechanical cantilever in magnetic resonance force microscopy, is used. Several ac modulation techniques in force detection of magnetic resonance have either already been demonstrated, such as cyclic saturation 9 and cyclic adiabatic rapid passage, 10 or are under investigation, such as spin precession detection.
8 These advances are certain to accelerate experimental realization of atomic resolution magnetic resonance diffraction.
POSITIONING SENSITIVITY IN ATOMIC RESOLUTION MAGNETIC RESONANCE DIFFRACTION
In the analysis of the atomic resolution magnetic resonance diffraction, we also consider the sensitivity of the spectral peak features on the relative positioning of the ferromagnetic sphere with respect to the crystal lattice. Figure  2͑b͒ already described the reasoning behind the appearance of the distinct spectral peaks, with the two wide bands at the top and bottom of the shell of constant B z being responsible for the diffraction pattern. This visualization also helps describe the positioning sensitivity of this diffraction method. It is apparent from Fig. 2͑b͒ that there will not be any significant shift in the diffraction spectrum of Fig. 1 with the small displacement of the sphere in the y direction since the shells of constant B z still properly intersect the same atomic lattice planes. A similar conclusion can be drawn about the translation of the sphere with respect to the x axis. As the sphere is retracted from the sample in the x direction, the shells of constant B z still intersect the lattice planes sufficiently deeply that the distinguishable sharp peaks in the spectrum appear even for a sphere retraction by 10 nm. The case is more complex for the sphere positioning in the z direction. Figure 8͑a͒ shows the spectrum for the ferromagnetic sphere centered at one of the lattice planes, while Fig. 8͑b͒ shows the spectrum for the ferromagnetic sphere centered in between the two lattice planes. The two spectra are offset by half the distance between two spectral peaks. This is not a surprising result, as the shift in the ferromagnetic sphere position also shifts the field values at which the atomic planes are resonant. The magnetic fields from the ferromagnetic sphere vary on the atomic scale and are responsible for obtaining magnetic resonance diffraction peaks in the first place. The shift of the sphere position in the z direction will therefore strongly influence the spectral peak position. Figure 8͑c͒ shows the spectrum for the ferromagnetic sphere being offset from the center position by one quarter of the lattice spacing in the z direction. One then observes doubling of the number of spectral peaks in the diffraction spectrum, as well as lowering of the amplitudes of the spectral peaks. This observation is again best explained through the use of the 3D visualization of the resonant spin sites of the lattice at specific values of the magnetic field. Figures 9͑a͒  and 9͑b͒ show the 3D representation plots of the simultaneously resonant spin sites at the two magnetic field values of the adjacent spectral peaks in the spectrum of Fig. 8͑c͒ . In this asymmetric sphere position, the atomic lattice planes are not intersected simultaneously at the top and bottom of the shell of constant B z , but at two different magnetic field values. At the lower magnetic field value of B 0 -628 G shown in Fig. 9͑a͒ , only one atomic plane is intersected at the bottom of the shell of constant B z . At the location of the next spectral peak in the spectrum of Fig. 8͑c͒ at B 0 -620 G, shown in   FIG. 8 . The histogram spectrum in ͑a͒ for the sphere centered at one of the lattice planes, while ͑b͒ shows the spectrum for the sphere centered in between the two lattice planes. The spectra are offset by half the distance between adjacent spectral peaks, as the shift in the sphere position shifts the field values at which the atomic planes are resonant. Figure 8͑c͒ shows the spectrum for the sphere offset from the center position by one quarter of the lattice spacing in the z direction resulting in the doubling of the number of spectral peaks and lowering of the amplitudes of spectral peaks. Fig. 9͑b͒ , the shell of constant B z intersects another single atomic lattice plane, this time at the top of the shell. Therefore, due to these alternating resonant atomic planes at the top and bottom of shells of constant B z , the number of spins in a spectral peak is halved, and the number of the peaks in the spectrum is doubled. This analysis for the sphere versus crystal lattice positioning relationship means that the experimental setup for the demonstration of atomic resolution magnetic resonance diffraction will have to maintain a subangstrom positioning precision, a feat achieved in most highperformance scanning tunneling microscopy and atomic force microscopy instruments. [57] [58] [59] [60] Such an analysis naturally leads to the question whether it would be possible to amplify the magnetic resonance diffraction spectrum signal by dispersing a large number of monosized ferromagnetic spheres onto a flat crystal surface, and measuring a collective signal from such an array. Recent advances in the synthesis of nanoscopic monodisperse ferromagnetic spheres have been truly remarkable, [61] [62] [63] [64] 
